To understand the different environment and morphology for heavy rainfall during 9-10 July 2007, over the Korean Peninsula, mesoscale convective systems (MCSs) that accompanied the Changma front in two different regions were investigated. The sub-synoptic conditions were analysed using mesoscale analysis data (MANAL), reanalysis data, weather charts and Multi-functional Transport Satellite (MTSAT-IR) data. Dual-Doppler radar observations were used to analyse the wind fields within the precipitation systems. During both the case periods, the surface lowpressure field intensified and moved northeastward along the Changma front. A low-level warm front gradually formed with an east-west orientation, and the cold front near the low pressure was aligned from northeast to southwest.
Introduction
Heavy rainfall over East Asia during the months of June and July is mainly stimulated by frontal precipitation systems elongated from west to east, known as Meiyu in China, Baiu in Japan and Changma in Korea. These frontal precipitation systems are usually accompanied by heavy rainfall and strong winds, which are among the most significant factors causative of natural disasters. In particular, during the summer, mesoscale convective systems (MCSs) along the front cause heavy rainfall in several East Asian countries, giving rise to flash floods and destruction.
The synoptic structure of the Meiyu/Baiu/Changma front is different from that of typical midlatitude fronts. The structures of the eastern (near Japan) and central (East China Sea) Meiyu/Baiu front resemble a typical midlatitude baroclinic front with strong vertical tilting toward a upper level cold core and a strong horizontal temperature gradient (Chen and Chang, 1980) , whereas the western (Southern China and Yangtze River Basin) section resembles a semitropical disturbance with an equivalent barotropic warm core structure, a weak horizontal temperature gradient (Ding, 1992) . Shinoda et al. (2005) described that the structures of moist layers were different over East China Sea and mainland China. Changma front in Korea has the character of the Baiu front in the southern part of Korea and also that of the Meiyu front in central Korea (Park et al., 1986) . for 6-h interval) are shown. The boxes labeled "N" and "S" indicate the dual-Doppler radar analysis domains for KSN, JNI, and GSN radars. Park et al. (1986) also pointed out that heavy precipitation associated with MCSs over the Korean Peninsula is related to a low-level jet (LLJ) transporting warm, moist air from southern China and a southeastward moving cold-core mid-tropospheric low from Siberia, both of which are responsible for the vigorous development of convections. Lee et al. (1998) suggested that MCSs were observed between the upper-level jet (ULJ) to the north and the LLJ to the south. Some of them are accompanied by mesoscale cyclones in the lower troposphere when they are fully developed (Akiyama, 1984a, b) . Moreover, subsequent MCSs are intensified with the passage of typhoons and tropical storms (Kim and Lee, 2006) .
In Meiyu/Baiu/Changma frontal zone, several types of MCSs are observed. Ninomiya and Akiyama (1992) suggested that heavy rainfall associated with the Baiu front is generated by meso-γ -to meso-β-scale convective systems embedded in meso-α-scale cloud cluster. The detailed structure of meso-γ -or meso-β-scale convective system within meso-α-scale cloud systems along the Baiu front was reported by Ishihara et al. (1995) and Takahashi et al. (1996) . A meso-β-scale convective band was reportedly produced by low-level convergence under synoptic scale conditions (Sun and Lee, 2002) . In addition, MCSs of the meso-α scale and cluster type were identified over the Korean Peninsula (Shin and Lee, 2005) . Thus, frontal convective systems may be structurally (dynamically) different. Questions include the following: How environment can influence their structure and morphology of MCSs near the Changma front? And how do they form? In this study, we present the influence of environmental conditions on different types of MCSs in determining their morphologies and comparison of their precipitation efficiency over the Korean region.
The mesoscale organisation of convection affects the kinematic structure and longevity of MCSs (LeMone et al., 1998) . Momentum transport and the associated horizontal gradients in thermodynamic properties and wind shear on meso-γ scales have been documented (Mueller et al., 1993; Thompson and Edwards, 2000) . Shimizu et al. (2008) revealed that a formation of supercell-like storm in a moist environment processed relatively large convective available potential energy, strong vertical wind shear. Sharp-sheared environment was influenced on the formation of the mesoscale convective systems interaction of two individual convective storms (Ćurić et al., 2009) . Moreover, MCS momentum transport, thermodynamic transport and rainfall affect the strength of the surface fluxes (LeMone, 1983) , suggesting that the structure and evolution of MCSs are affected by vertical momentum transport and shear.
In order to elucidate the characteristics of the inner structure and flow in MCSs, high-resolution datasets are required. This study utilised Doppler radar, which provides datasets with high spatial and temporal resolutions of the internal structure of precipitation. In the past, dual-Doppler radar observations have provided in-depth information on structures of the meso-α and meso-β scales, including their development in monsoon frontal systems (Yamada et al., 2003; Moteki et al., 2004; Geng et al., 2004) . You et al. (2010) proved that deep warm-air advection (WAA) supports the maintenance of a convective system for a longer time and results in greater rain intensity, producing drops of larger sizes. However, no observational study using dual-Doppler radar datasets has been reported for convective cells accompanied by developing mesoscale processes in relation to the Changma front over Korea. By using dual-Doppler radar analysis and upper air sounding data, we investigate the organisation of convection in two different types of MCSs that accompanied the Changma front. In addition, we study the conditions of the synoptic and sub-synoptic environments that were favourable to such a development in the central and southern areas of the Korean Peninsula during 9-10 July 2007.
Data and methodology

Observational data
Radar data were obtained from operational S-band Doppler radars of the Korea Meteorological Administration (KMA) installed at Gosan (GSN, 33.29 • N, 126.16 • E), Jindo (JNI, 34.47 • N, 126.32 • E), and Gunsan (KSN, 36.01 • N, 126.79 • E). Upper-air sounding data over Gwangju (GJ, 35.11 • N, 126.81 • E) and station GSN (same site as the radar) also were obtained from the KMA. A map depicting the radar and upper-air sounding locations are shown in Fig. 1 . Surface meteorological observations were received from collocated sites of the Automatic Weather System (AWS) operated by the KMA. Hourly infrared images from the Multi-functional Transport Satellite (MTSAT-IR) obtained from the Weather Satellite Image Archive, Kochi University, were used to examine cloud distribution. These images have a grid spacing of 0.05 • along both longitudinal and latitudinal directions. In addition, manually interpreted surface weather maps in conjunction with the Japan Meteorological Agency (JMA) mesoscale analysis (MANAL) data (3-hourly fine pressure data at a 10-km horizontal resolution at 20 pressure levels) were used for mesoscale analysis and diagnosis of the development of the MCSs.
Analysis method
Three-dimensional transformation of radar data
Doppler radars, covering a radius of 250 km in the central and southern areas of the Korean Peninsula, record volume scans of reflectivity and Doppler velocity every 10 min. The sampling resolution of the radar data is 250 m in the radial direction and 1.0 • in the azimuthal direction. The GSN, KSN and JNI radars make volume scans that consist of 15 or 12 elevation angles.
The radar data are interpolated on Cartesian grids using a Cressman (1959) weighting scheme. Therefore, the data are transformed from spherical coordinates to Cartesian coordinates. The interpolated mean Doppler velocities (V 1 , V 2 ) and the reflectivity (Z) are given by
(1)
where N is the total number of data points within the averaging volume, W i is the Cressman filter, R i is the influence radius, and D i is the distance grid of point.
Three-dimensional variational method
Vertical velocity is usually obtained by vertical integration of the mass continuity equation. In this method, after the removal of noise and the correction of folded Doppler velocities, ambiguity arises from boundary condition errors due to data voids in the lower or upper regions of the storm as observed by Doppler radar (Ray et al., 1980) . To avoid this bias in wind field retrievals, in this study, we used the variational method proposed by Gao et al. (1999) . The parameter settings for the analysis were constrained in accordance with Gao et al. (1999) . The variational method considers the mass continuity equation as a weak constraint, hence, the explicit setting of boundary conditions for the vertical velocity and the explicit integration of the mass continuity equation are avoided, thereby reducing the error accumulated in the vertical velocity. Volume scans from the KSN and JNI radars were used to retrieve three-dimensional reflectivity and wind fields in the domain labeled "N", while volume scans from the GSN and JNI radars were used to retrieve those in the domain labeled "S", as shown in Fig. 1 .
Results and discussion
Different types of MCSs passed over Korea from 15:00 LST, 9 July to 06:00 LST, 10 July 2007 (LST = UTC + 9 h). In this section, we investigate the structure and evolution of the Changma front with surface low pressure. Development processes for northern meso-α scale convective system (hereafter called NMαCS) and southern meso-β scale convective system (hereafter called SMβCS) were analysed using data from mesoscale analysis and dual-Doppler radar. Figure 2 shows the 15-h accumulated rainfall amounts over Korea and time series of the rain rate from 15:00 LST, 9 July to 06:00 LST, 10 July at the Gunsan (upper right) and Gosan (lower right) stations, respectively. The locally different rainfall amounts occurred over the central and southern areas of the Korean Peninsula. The NMαCS passed over the central area from 15:00 LST, 9 July to 00:00 LST, 10 July. Following NMαCS, SMβCS moved over the southern area from 22:00 LST, 9 July to 06:00 LST, 10 July.
Precipitation distribution and synoptic scale overview
The rainfall distribution indicates that in NMαCS, the widespread heavy rainfall over the central and southern areas. However, in SMβCS, rainfall amount recorded relatively narrow area over southern area. The accumulated rainfall amounts (maximum rainfall intensity) were 123.0 mm (45.0 mm h −1 ) and 20.0 mm (16.0 mm h −1 ) at Gunsan and Gosan, respectively. The amount and rate of rainfall were small in SMβCS, since the convective cells had relatively fast moving speed. Figure 3 shows time series of the surface weather and cloud-top temperature from 09:00 LST to 21:00 LST on 9 July. This reveals the presence of an east-west-oriented Changma front that extended from China to Japan. The warm front at the low level was oriented from southeast to west, and the cold front near the low pressure was aligned from northeast to southwest (see weather maps in Fig. 3 ). With the intensification of surface low pressure, the front propagated northeastward and appeared in southeastern China with high cloud area (TBB ≤ −60 • C) as shown in Fig. 3a . By 15:00 LST on 9 July, the high cloud area became weak across the ocean. However, a trough formed over the southern Korean Peninsula, resulting in stratiform cloud cover over the central Korean Peninsula. After 6 h, the surface low pressure intensified over the oceanic region and the high cloud area passed over the central and southern areas of the Korean Peninsula (Fig. 3c) . On moving inland, the intensified NMαCS organised into a circular shape north of a warm front. Widespread convection outbreaks were observed and the cloud top temperature was found to reach −60 • C (34 • N, 127 • -130 • E). SMβCS commenced ahead of the cold front over the ocean (33 • N, 123 • -126 • E). Convection had broken out over the southwestern Korean Peninsula and gradually formed a band shape.
Evolution and structure of Changma front
Sub-synoptic environment around front
In this section, the sub-synoptic environment and structure of the front on 9 July 2007, are further examined using JMA MANAL data at resolutions of 10 km and 3 h. Figure 4 shows the geopotential heights, winds and divergence around the front under the sub-synoptic conditions at surface (1000 hPa). The low-pressure area (about 600 km in diameter) intensified and moved northeastward along the front. The horizontal gradient of geopotential height also intensified in association with the deepening low. An area surrounding the surface low pressure was characterised by cyclonic circulation. The warm front was located within the wind-shift line, with southeasterly and southwesterly winds to the north and south, respectively. However, strong southwesterly flow of about 20 m s −1 prevailed around the cold front.
In accordance with enhanced cyclonic circulation, the divergence field observed at surface indicates a weak convergence (3 × 10 −5 s −1 ) aligned with the warm front at 21:00 LST on 9 July. Convergence began to intensify along the front, with the areas in north of the warm front. At 00:00 LST on 10 July, this stronger convergence existed over a broad area north of the warm front. It is noted that widespread convergence played a role in the broad area of convection (Fig. 4a) . In addition, a weak and narrow convergence (2 × 10 −5 s −1 ) was also observed to be forming along the cold front. This convergence apparently organised into bands oriented nearly parallel with the cold front at 00:00 LST on 10 July (Fig. 4b) .
Analysis of vertical structure of front
The Figure 5 shows a vertical cross-section across the warm front, east-southeasterly flows prevailed above the frontal zone, which induced convergence within the zone, most evidently at low-to-middle levels (Fig. 5b) . In response to the convergence, the frontal potential temperature (θ) gradient increased. Associated with an increase in prefrontal eastsoutheasterly flow, the cross-frontal horizontal wind shear below 500 hPa also strengthened, consistent with the response to low-level frontogenesis based on semi geostrophic theory (e.g., Shapiro and Keyser, 1990; Bluestein, 1993, his Sect. 2.5) .
In the vertical cross-section across the cold front, the frontal zone based on θ distribution with height was relatively steep. A strong and consistent west-southwesterly wind existed ahead of the cold front associated with LLJ and the ULJ near 200 hPa (Fig. 6a) . A weak convergence zone appeared from 900 hPa to 500 hPa toward the northeast, corresponding with the sloping frontal zone (Fig. 6b) . Another convergence zone existed at the leading edge of the strong southwesterly wind area (≥20 m s −1 ) near 700 hPa. Moisture was largely and deeply advected into the sloping frontal zone. documented shallow convective clouds moisten the middle troposphere by evaporation when they disappear. The evaporation from the wet environment provides a supply of moisture which considerably increases the amount of water in the shallow planetary boundary layer (PBL) that develops above it, as can be seen from the vertical cross-section (B-B ) of mixing ratio presented in Fig. 6b . Furthermore, moisture is advected by southwesterly flow, which strongly converges toward ocean. Their ability to transport moist, warm air to higher elevations increases the amount of water that can be condensed and precipitated.
Effect of moisture advection associated with LLJ
To examine the development of the LLJ near the lowpressure area, we investigate the role of ageostrophic wind. Figure 7a shows at 850 hPa wind speed and ageostrophic wind obtained by subtracting the geostrophic wind from the actual wind. As the geopotential height gradient near the surface low pressure increased, the associated fall in geopotential height was apparently responsible for the generation of ageostrophic winds to the east-southeast across the LLJ core exit. In this case, the ageostrophic winds that prevailed across the jet peaked at roughly 20 m s −1 , while the Coriolis parameter at 34 • N is roughly 8 × 10 −5 s −1 . Therefore, the Coriolis torque of the ageostrophic flow would produce a wind speed increase to about 20.8 m s −1 . This suggests that an LLJ was formed and greatly intensified (Chen et al., 2006) . In other words, the ageostrophic wind helped to maintain or accelerate the LLJ. In this case, a strong wind occurred ahead of the cold front, with local maxima of ≥27 m s −1 (Fig. 7a) , clearly exceeding the criterion of 12.5 m s −1 for an LLJ (Chen and Yu, 1988) .
The LLJ transports warm moist air from low latitude at low levels to generate convective instability and lower the level of free convection (Chen, 1983) . In this case, the strong LLJ transported warm moist air mainly at 850 hPa, especially ahead of the cold front. Moisture Transport Vectors (MTVs), computed as the product of the wind vector (V ) and mixing ratio (q) at 850 hPa, are shown in Fig. 7b . The MTVs reveal a strong transport of water vapour along the cold front. It noted that moisture significantly advected over southwestern Korean Peninsula. MTVs shift line located at the warm front. Another useful parameter is the Moisture Flux Convergence (MFC) at 850 hPa, computed as −∇ · qV with the unit of 10 −4 s −1 g kg −1 . Over the cold front, a narrow band of weak MFC (1.5 × 10 −4 s −1 g kg −1 ) was simulated. This is indicative of destabilization and was an important factor as a linear rain band. A broad area of strong MFC (6×10 −4 s −1 g kg −1 ) formed behind the warm front. Figure 7c shows the fields of equivalent potential temperature (θ e ) at 900 hPa and temperature at 850 hPa. SMβCS was located with the equivalent potential temperature over 350 K in the southwestern Korean Peninsula where the mixing ratio was about 15 g kg −1 at 850 hPa. At this time, a strong θ e associated with a tongue of warm and moist air into a convectively unstable atmosphere was found over the core of the LLJ and downstream, the genesis of the SMβCS at (33 • N, 126.5 • E) reached a maximum (Fig. 11b) . In addition, the thermal contrast across the cold front at this time was 4-5 • C. The Changma front had a larger baroclinicity along the cold front. 
Precipitation efficiency
Precipitation efficiency (Pe) for NMαCS and SMβCS over central and southern Korea are calculated. Pe is the ratio (%) of measurable precipitation to moisture transport into an area. This study comprised areas (area 1 and 2) on the contrasting precipitation and varying exposures to water vapour transport (Fig. 7c) . The time period depended from NMαCS (15:00-24:00 LST, 9 July) and SMβCS (00:00-06:00 LST, 10 July). Precipitation corresponding to each station was calculated by summation of hourly precipitation. In addition, water vapour was calculated by MANAL data, summing the contribution from 500 hPa above the surface for which specific humidity and wind speed were available.
The results indicated the Pe of 43.4 and 12.5 % when calculated over area 1 and 2. The efficiency in area 1 has higher value than that estimated over area 2. A high Pe would have large impacts by increasing the available amount of precipitation reaching the surface. This case study provided a relatively higher Pe in area 1, indicating NMαCS had large precipitation and less available moisture compared to area 2. A low Pe showed that large moisture was being transported into the region. The entire region in area 2 showed consistently high relative humidity ≥ 80 % in lower troposphere. Thus, the Pe for NMαCS and SMβCS showed an obvious contrast between area 1 and 2.
There were a few articles available in the literature that can be used for comparison of these Pe results. McBean and Stewart (1991) estimated that the Pe was very high (near 70 %) within an occluded system over the North Pacific Ocean. Houze and Cheng (1981) showed the Pe of a warm frontal precipitation band to be even higher (70-90 %) over midlatitude. Carbone (1982) estimated the Pe of 77 % for a narrow cold frontal band. However, the Pe values obtained here are lower than that reported over other studies, high measurable precipitation amount and low Pe means that even though precipitation is abundant there is a great deal of moisture in the air that is not being utilised than the others.
Wind and thermodynamic environment by upperair sounding
The wind and thermodynamic structure of both convective systems (NMαCS and SMβCS) are described using upperair sounding data. The location of sounding station GJ was about 100 km south of NMαCS, and SMβCS passed directly over station GSN. The hodograph corresponding to Fig. 8a shows vertical wind shear through deep layers and strongly veering with height, accompanied by warm advection from the surface to 5 km. After the NMαCS passed over the observation site at 15:00 LST on 9 July, the wind shear had significantly increased. The GJ sounding at 21:00 LST yielded a bulk shear (BS) of 3.6 × 10 −3 s −1 for 0-6 km. The shear values were comparable to the range found for the broken areal type (Bluestein and Jain, 1985) . Supercell-like storm processed the vertical wind shear of 4.2×10 −3 s −1 from surface to 5 km in a moist environment (Shimizu et al., 2008) . However, the BS in the GSN sounding was only slightly greater (1.9 × 10 −3 s −1 for 0-6 km) while SMβCS was passed (Fig. 8b) .
In the time-height cross-sections of the horizontal winds, θ e and q increased at 3-6 km during 15:00-21:00 LST, 9 July (Fig. 9a) , which suggests that moisture was able to rise above the warm front. Synoptic conditions such as WAA and an LLJ were favourable for deep convection, and strong lowlevel vertical shear related to NMαCS was also conducive to destabilization of convective systems. Figure 9b shows that the horizontal winds, θ e and q below 3 km clearly indicate q (≥20 g kg −1 ) and θ e (≥350 K) from 15:00 LST, 9 July to 03:00 LST, 10 July. The southwesterly wind (≥20 m s −1 ) related to the LLJ strengthened throughout the entire troposphere, most significantly at 0-3 km. The moisture was strongly advected below 850 hPa before the passage of the SMβCS, the convection was the likely response of nearly saturated parcels ascending through convectively unstable layer (∂θ e /∂z < 0) from 850 hPa to 600 hPa. Time height cross-section of equivalent potential temperature θ e (contoured every 6 K), mixing ratio q (g kg −1 , shaded), and horizontal wind (knot, barbs) of soundings taken at (a) Gwangju and (b) Gosan. The shaded area indicates unstable layer. The dotted line is passage time of the NMαCS and SMβCS, near 22:00 LST, 9 July and 01:00 LST, 10 July, respectively. For winds, full (half) barbs denote 5 m s −1 (2.5 m s −1 ).
Three-dimensional structure and development processes of convective systems
As mentioned in the discussion of the precipitation distribution pattern, two different convective systems related to the Changma front occurred over the central and southern areas of the Korean Peninsula. The inner structure and flows of NMαCS and SMβCS will now be described. Figure 10 shows the time series of horizontal reflectivity at 2 km above sea level (a.s.l.) from the KSN Doppler radar. The time interval was 2-h, from 18:30 LST to 22:30 LST on 9 July. The NMαCS formed and developed with an extent of around 240 km near the central Korean Peninsula. The convective cells (≥35 dBZ) in NMαCS were within an area of stratiform cloud north of the warm front. As shown in Fig. 10a , stratiform cloud cover was widespread over the central area of the Korean Peninsula during the early stage. The developed convective cells moved over the western coastal region within the stratiform cloud. The small convective cells slowly merged to generate large convective systems near the inland area. The shape of the convective area became linear at 20:30 LST (Fig. 10b) . The strongest reflectivity value was 40 dBZ, over the western coastal region. NMαCS had horizontal dimensions of 240 km × 65 km and propagated northeastward. The individual cells had slowed down to a mean speed of about 14.4 m s −1 . The sequential and intensive convective system had a relatively long lifetime of 4-h, from 18:30 LST to 22:30 LST.
The SMβCS formed and developed near the southern area of the Korean Peninsula from 9 July to 10 July 2007. Figure 11 shows time series of horizontal reflectivity at 2 km a.s.l. from the GSN Doppler radar (shown in Fig. 1 for 22:00 LST, 9 July to 03:00 LST, 10 July. The convective cells moved within the prefrontal warm sector ahead of the cold front. Each isolated convective cell propagated continually along the line. Small but violent convective cells occurred sequentially over the ocean (Fig. 11a-c) . The maximum reflectivity was 45 dBZ as convective cells passed over the GSN radar site at 00:00 LST and persisted during 2-h (Fig. 11b) . Convective cells formed and developed over the ocean in a linear convective system with horizontal dimensions of 45 km × 20 km. During this period, SMβCS moved northeastward with a speed of 20.8 m s −1 , which was greater than that of NMαCS.
To clarify the development processes of the convective systems, three-dimensional distributions of both reflectivity and wind at 2 km a.s.l. are analysed and it is depicted in Fig. 12 . The convective cells developed within the stratiform cloud at around 20:10 LST, 9 July in the western coastal region and coincided with the change in the wind direction from southwesterly to southeasterly. Accordingly, the windshift line formed in the rear edge of convective cells. Corresponding to sub-synoptic analysis, the southwesterly flow of moist unstable air was identified with the vectors toward the strong convective region (≥40 dBZ) to the south of the wind-shift line. In addition, new cells were formed where an area of southeasterly flow was indicated at the eastern leading edge of the mature convective cell. Thus, the wind shear plays an important role in developing convective cells and generating new convective cells.
The vertical cross-sections (A-A and B-B ) were shown in Fig. 13 . The reflectivity indicated that the strong convective area reached 5 km a.s.l. The wind directions are indicated as positive (westerly) and negative (easterly). Strong easterly flows were observed, although the westerly flow appeared over 4 km a.s.l. A southeasterly wind played a role in enhancing the NMαCS, through the lifting of the strong southwesterly inflow. Not only convective updrafts of about 6 m s −1 for X = 30-35 km, but also a new convective cell was generated at X = 30 km (Fig. 13b) , where a strong southeasterly flow (≥20 m s −1 ) existed in the lower troposphere.
The moderate-to-high vertical wind shear in the convective cell led to slow movement and halted the decay of the convective system. Shear at low-to-medium levels has been reported by Parker and Johnson (2004) as an important factor in the maintenance of convective systems, which may be a reason for the extended lifetime of NMαCS. Such a vertical wind shear was also observed in past studies on a convective system along Meiyu/Baiu frontal regions (Ogura et al., 1985; Ishihara et al., 1995; Yamada et al., 2003; Zhou, 2009) . They described that convective systems formed on the shear line, a southwesterly jet was prevalent in the low troposphere. However, the developmental processes could be different compared with previous studies. In this study, the NMαCS was developed on the wind shift line between southwesterly and southeasterly flows to the north of the warm front. Convectively-unstable air in southwesterly wind was lifted up to the area where the southeasterly wind dominated, hence, wind shear found to play a role in moisture supply over the warm front.
The isolated meso-β-scale convective cells (SMβCS) moved within the warm sector ahead of the cold front. At 23:50 LST, the developed convective cells merged over the southwestern area of the Korean Peninsula. Although the scale was slightly small, the maximum reflectivity was over 45 dBZ, greater than that of NMαCS. Moreover, in contrast to NMαCS, a small horizontal wind shear from southwest- erly to westerly flows existed around the convective cells with warm moist air (Fig. 14) .
To examine the flow pattern of SMβCS, the vertical crosssections along lines C-C and D-D were measured, as shown in Fig. 14. Convective cells developed and grew above 10 km at 23:50 LST, 9 July and strong southwesterly flow of convectively unstable air was observed at rear edge of convective cells. The southern Korean Peninsula was almost saturated and corresponded to 850 hPa in the sub-synoptic analysis of the moisture field (shown in Fig. 7b ). The strong moisture and thermal gradients may have resulted from the antecedent SMβCS, which dominated the strong reflectivity core (Fig. 15a) . In addition, the southwesterly wind was the transport of the high θ e in the low-to-mid troposphere. Hence, an air surrounding high θ e ascended at the surface cold front and formed line convection. It seems reasonable to infer that this updraft resulted from the convectively unstable air of the southwesterly flow (Fig. 15b) . The updraft and downdraft into the strong convective region were at 9.5 m s −1 and 11 m s −1 , respectively. Under these circumstances, shortlived but strong convective cells occurred successively over the ocean.
Summary and conclusions
Based on Doppler radar data, sub-synoptic data and upper-air soundings on 9-10 July 2007, this study presents the environmental conditions on two different types of MCSs in determining their morphologies over Korea. The sub-synoptic structure and evolution along the front were analysed using MTSAT-IR and MANAL data. A variational method was used to extract three-dimensional wind fields from the Sband Doppler radar data of operational stations KSN, GSN and JNI.
The locally different rainfall amounts recorded over the central and southern areas of the Korean Peninsula. The northern meso-α-scale convective system (NMαCS) passed over central area from 15:00 LST, 9 July to 06:00 LST, 10 July. Following NMαCS, a southern meso-β-scale convective system (SMβCS) moved over the southern area from 22:00 LST, 9 July to 06:00 LST, 10 July.
During the cases period, the Changma front elongated from China to Japan and moved northeastward. The warm front formed with an east-west orientation within the windshift line, with southeasterly and southwesterly winds to the north and south, respectively. In the vertical crosssection across the warm front, cross-frontal horizontal wind shear below 500 hPa strengthened due to prefrontal eastsoutheasterly flow. The GJ sounding yielded the bulk shear of 3.6×10 −3 s −1 for 0-6 km. Supercell-like storm processed the vertical wind shear of 4.2×10 −3 s −1 from surface to 5 km in moist environment (Shimizu et al., 2008) . The cold front near the low pressure was aligned from northeast to southwest, moreover strong southwesterly (≥20 m s −1 ) prevailed around cold front.
The surface low pressure intensified and moved with Changma front. The enhanced low pressure accelerated the LLJ with maxima of ≥27 m s −1 , clearly exceeding the criterion of 12.5 m s −1 for an LLJ (Chen and Yu, 1988) , strong LLJ transported warm moist air mainly at 850 hPa. Moisture transport vectors revealed that a strong transport of moisture along the cold front in the high equivalent potential temperature region (≥350 K). In vertical cross-section across the cold front, the moisture was largely and deeply advected into the sloping frontal zone. The wet environment in the middle troposphere increased the amount of water that can be condensed and precipitated. Hence, the precipitation efficiency was clearly difference between NMαCS and SMβCS.
According to three-dimensional kinematic and reflectivity structures in the cases of NMαCS, meso-α-and multi-scale convective systems were apparently embedded within an area of stratiform clouds north of the warm front. The horizontal and vertical wind flows were different in that the southwesterly wind blew at the back of the convective system while the southeasterly wind appeared over the convective region where the new cell was generated. The southeasterly wind played an important role in uplifting such strong southwesterly with warm and moist air to north of warm front. The vertical wind shear was also observed in past studies on the convective systems along Meiyu/Baiu frontal regions (Ogura et al., 1985; Ishihara et al., 1995; Yamada et al., 2003; Zhou, 2009) . As a result of the wind distribution, the convective systems slowly propagated near the western coastal region and led to heavy rainfall over the central Korean Peninsula for 4-h in long-lived convective systems.
In SMβCS, isolated convective cells (meso-β scale) developed ahead of the cold front within a prefrontal warm sector. Convective cells rapidly developed and had short lifetimes in the ocean. Strong southwesterly flow under convectively unstable air was prevailed around convective cells. Corresponding to the moisture field at 850 hPa in the subsynoptic analysis, the southern area of the Korean Peninsula was almost saturated. The strong moisture advection and high thermal gradients may have resulted from the antecedent SMβCS. The relatively unstable air flowed into the updraft flow (9.5 m s −1 ) and downdraft flow (11 m s −1 ) near the strong convective regions. Although this convective system was smaller than that in NMαCS, its maximum reflectivity and translational speed were stronger and faster than those of NMαCS.
The results obtained here successfully explain the evolution of the Changma front with surface low pressure and the morphological features that maintain different types of convective systems over the central and southern areas of the Korean Peninsula. This study proves that the convective systems had different environments in their morphology. However, further studies based on additional statistical analysis are required to prove the complex mechanism by which MCSs produce heavy rainfall events.
